Introduction
Nitro-substituted aromatic compounds (nitroaromatics) are used as synthetic building blocks for various chemicals Abstract The diiron cluster-containing oxygenase CmlI catalyzes the conversion of the aromatic amine precursor of chloramphenicol to the nitroaromatic moiety of the active antibiotic. The X-ray crystal structures of the fully active, N-terminally truncated CmlIΔ33 in the chemically reduced Fe 2+ /Fe 2+ state and a cis μ-1,2(η 1 :η 1 )-peroxo complex are presented. These structures allow comparison with the homologous arylamine oxygenase AurF as well as other types of diiron cluster-containing oxygenases. The structural model of CmlIΔ33 crystallized at pH 6.8 lacks the oxo-bridge apparent from the enzyme optical spectrum in solution at higher pH. In its place, residue E236 forms a μ-1,3(η 1 :η 2 ) bridge between the irons in both models. This orientation of E236 stabilizes a helical region near the cluster which closes the active site to substrate binding in contrast to the open site found for AurF. A very similar closed structure was observed for the inactive dimanganese form of AurF. The observation of this same structure in different arylamine oxygenases may indicate that there are two structural states that are involved in regulation of the catalytic cycle. Both the structural studies and single crystal optical spectra indicate that the observed cis μ-1,2(η 1 :η 1 )-peroxo complex differs from the μ-η 1 :η 2 -peroxo proposed including explosives, pesticides, and pharmaceuticals. Although relatively rare in nature, several natural pathways for the biosynthesis of nitroaromatics have been discovered and characterized [1, 2] . Many of these compounds are produced by soil bacteria of the Pseudomonas and Streptomyces genera and have antibiotic and medicinal properties [3] [4] [5] . The primary route to the generation of biological nitroaromatics is by direct enzymatic nitration of substrates [1] . An alternative pathway involves oxygenase enzymes, which catalyze the direct incorporation of the O atoms of molecular dioxygen into the substrate to form the nitro group [6] [7] [8] . One of the most well-known and widely used natural nitroaromatic compounds is the antibiotic chloramphenicol (CAM), which is synthesized by Streptomyces venezuelae [4, [8] [9] [10] . The biosynthesis of CAM employs a non-ribosomal peptide synthetase (NRPS) system and several tailoring enzymes to chemically modify a paraamino phenylalanine precursor to form the final product [8, [10] [11] [12] [13] [14] . The final step in CAM biosynthesis is oxidation of the arylamine function of the immediate CAM precursor d-threo-1-(4-aminophenyl)-2-dichloroacetylamino-1,3-propanediol (NH 2 -CAM) by the N-oxygenase CmlI (Scheme 1) [8, 15] . CmlI is part of a large and diverse family of enzymes that use a carboxylate-bridged diiron cluster cofactor to activate O 2 for oxidation reactions or the hydroxylation of organic substrates [16] . Some of the enzymes found in this broad family include the hydroxylase component of the soluble methane monooxygenase (MMOH) [17, 18] , the R2 subunit of class I ribonucleotide reductase (RNR-R2) [19] , plant fatty acid desaturases [20] [21] [22] , aldehyde-deformylating oxygenase [23, 24] , aromatic hydroxylases [25, 26] and many more. All of the aforementioned enzymes coordinate the diiron cluster in a highly conserved 4-helix bundle fold and are part of the "ferritin-like" superfamily [27] . The as-isolated CmlI cluster is diferric and only reacts with O 2 upon reduction to the diferrous state [15] . Exposure of the diferrous cluster to O 2 generates a diferric peroxo species (P), which reacts directly with NH 2 -CAM. Most of the peroxo species that have been characterized in other diiron cluster-containing enzymes have a cis μ-1,2(η 1 :η 1 ) geometry in which each O atom of the peroxo species coordinates a different iron [28] [29] [30] [31] [32] [33] . In contrast, the CmlI P species is proposed to have a μ-η 1 :η 2 geometry in which one O atom coordinates to both metals but the other to only one [15] . At pH 9.0, the CmlI peroxo intermediate was found to be highly stable, having a t 1/2 of nearly 3 h at 4 °C. The exceptional longevity of the species makes it amenable to interrogation with various structural and spectroscopic techniques, possibly including X-ray crystallography. CmlI differs from most other members of the diiron cluster oxygenase family in that the reactive intermediate appears to be the peroxo species rather than a subsequent high valent species [15] . Also, CmlI will not catalyze the hydrocarbon hydroxylation reactions commonly observed for other members of the superfamily. It is important to determine how the active site structure of CmlI differs from those of the other diiron cluster oxygenases in order to understand how the unique geometry and chemistry of P are realized.
A homolog of CmlI called AurF has been characterized biochemically and structurally [7, [34] [35] [36] [37] . AurF is isolated from Streptomyces thioluteus and catalyzes the conversion of para-aminobenzoate to para-nitrobenzoate in the biosynthesis of a precursor of the antibiotic aureothin [5] . Crystal structures of this enzyme have been reported in the diiron (Fe-AurF) [37] and dimanganese (Mn-AurF) forms [36] . The dimanganese form is now believed to be catalytically inactive [37, 38] . AurF has a core 4-helix bundle structural motif, which is used to house a μ-oxo-and carboxylate-bridged diiron cluster [36, 37] . The structure of Fe-AurF with the reaction product bound showed that the product, and most likely substrate, binds in a cavity above the cluster but not directly to the metals [37] . Like CmlI, AurF forms a reactive peroxo intermediate [34] . This species is significantly less stable than that formed by CmlI, but it exhibits similar optical spectral features and reactivity. A structural comparison between AurF and CmlI might be useful in understanding the basis for stabilization of this new type of reactive peroxo intermediate as well as the mechanism of N-oxidation, but no structure of CmlI has yet been reported.
Here we report the crystal structure of an N-terminally truncated variant of CmlI in two states that have not been previously reported for this enzyme family. The truncated form of CmlI exhibits the same reactivity as the full-length enzyme and generates CAM product. Although the crystal structures reveal that CmlIΔ33 has an overall fold similar to that of AurF, there are marked differences in some of the secondary structure elements, the diiron cluster architecture, and substrate channel. The differences in the clusters provide insights into the geometric variability of diiron cofactors and permits structural comparisons to other family members including MMOH, RNR-R2 and the fatty acid desaturases. The structural malleability of the arylamine oxygenase clusters may represent a new type of catalytic regulation relevant to their ability to effect biological N-oxygenation, control the progression of catalysis, and determine the type of oxidizing species that is generated.
Materials and methods

Mutagenesis, overexpression, and purification
Polymerase chain reaction (PCR) was used to generate the 33 amino acid N-terminally truncated version of CmlI (CmlIΔ33) in a pVP91A expression plasmid (Arizona State University plasmid repository). The primers used to generate the truncated coding sequence from the full-length pVP template were as follows (gene coding sequence underlined and restriction sites bolded):
5′ AAAAGCGATCGCGGAGAACGCGGTCATC 3′ (forward).
5′ AAAAGTTTAAACTCATCGGGTCACCGTC 3′ (reverse).
The amplicon generated from PCR was cloned into a pCR4-TOPO vector (Thermo Fisher Scientific) and transformed into XL1 Blue cells. The CmlIΔ33-TOPO vector was isolated and digested with SgfI and PmeI restriction enzymes (New England Biolabs) and ligated into a similarly digested pVP91A vector before transforming into XL1 Blue cells for plasmid propagation. Overexpression and purification of the truncated enzyme were accomplished using the same methods as previously described for the full-length enzyme [15] .
Kinetic characterization of CmlIΔ33 and enzyme reaction product analysis NH 2 -CAM was purchased from Toronto Research Chemicals and stored as a concentrated stock in methanol at −20 °C prior to use. All assays were performed in 50 mM Bicine buffer at pH 9.0 in order to facilitate comparisons to the full-length enzyme. The P intermediate was generated using the methods described previously [15] . Transient kinetic experiments were performed using an Applied Photophysics SX.18MV stopped-flow spectrophotometer at 4.5 °C. For these experiments, the P was generated beforehand, loaded into the instrument and reacted with NH 2 -CAM in aerobic Bicine buffer. These reactions were monitored at 500 nm to follow the decay of P. Product analysis was performed by incubating pre-formed P (150-200 μM) with 0.5 equivalents of NH 2 -CAM substrate on ice for 30 min. The reaction product was separated from the enzyme using an Amicon centrifugal filter (3 kDa MWCO). The flow-through was acidified by addition of formic acid to 1 % (vol/vol). High-performance liquid chromatography (HPLC) was performed using a Waters 1525 model binary HPLC pump and elution monitored using a Waters 2487 detector. The acidified samples were injected into a Phenomenex Luna hexyl-phenyl column (5 μm particle size, 150 × 4.6 mm) and eluted using a gradient from 5 % to 95 % acetonitrile in 0.1 % formic acid at a flow-rate of 2 ml/min. Under these conditions NH 2 -CAM had a retention time of 1.1 min and CAM 5.8 min. The elution was monitored at 280 nm. Liquid chromatography/mass spectrometry (LC/MS) samples were prepared by quenching the enzyme reaction with 2.5 % (vol/vol) trifluoroacetic acid and centrifuging to collect the precipitated protein pellet. The samples were separated by reverse-phase chromatography on a Waters Acquity UPLC system and analyzed using a Waters Synapt G2 QTOF mass spectrometer at the University of Minnesota Chemistry Department Mass Spectrometry Laboratory. The product had a m/z of 321.01 ([M-H] − ), the same as observed for authentic CAM standard.
Crystallization of CmlIΔ33 and structure determination
Initial crystallization conditions of CmlIΔ33 were determined from screens at the University of Minnesota Nanoliter Crystallization Facility. 5-10 µm crystals were obtained from solutions containing 10-20 % polyethylene glycol (PEG) 3350 and 0.2 M ammonium l-(+)-tartrate. The conditions were optimized for hanging-drop crystallization and modified to contain 10-20 % PEG 1500, 0.15 M ammonium l-(+)-tartrate, and 0-2 % glycerol. Typical drop ratios contained 1-1.5 µl mother liquor and 1 µl CmlIΔ33 at 15-20 mg/ml concentration with a well reservoir volume of 0.5-1.0 ml. The pH of these drops was near 6.8. Crystals were obtained at 20-22 °C and at 4 °C. Crystals of CmlIΔ33 were chemically reduced by placing single crystals in a drop containing Ar-sparged anaerobic mother liquor with 25 % glycerol, 40 mM sodium dithionite and a catalytic amount of methyl viologen. The crystals were incubated for 10 min in an anaerobic chamber before flash-freezing in liquid N 2 .
Initial diffraction data of the crystals were collected inhouse at the University of Minnesota Kahlert Structural Biology Laboratory at 100 K. Crystals were soaked in mother liquor supplemented with 25 % glycerol as cryoprotectant and flash-frozen in liquid N 2 . Data reduction of the initial data sets indicated that the crystals belonged to a trigonal P321 space group. This is an enantiomorphic space group, which could possess either a P3 2 or P3 1 screw-axis symmetry. As such, the diffraction data were processed separately in both space groups. The P3 2 21 enantiomorph was determined to be the correct space group during the molecular replacement process. The structure was solved by molecular replacement with the Phaser MR software [39] using a trimmed model of an AurF monomer [37] .
Following the initial solution, CmlI was iteratively modeled using Coot [40] and refined using Refmac5 [41] . Synchrotron-derived diffraction data for the reported structures were collected at the Structural Biology Center at Argonne National Laboratories, Beamline 19-ID at 100 K. All structure figures were produced using PyMOL Molecular Graphics System, Version 1.5, Schrödinger, LLC.
Single crystal micro-spectrophotometry
Optical absorbance spectra of CmlI and CmlA crystals at 100 K were collected using an on-line micro-spectrophotometer system (Hamamatzu D4H light source, Ocean Optics QE65000 spectrograph, Newport reflective Schwarzschild objectives) at Stanford Synchrotron Radiation Lightsource, Beamline 11-1.
Detection and quantitation of hydrogen peroxide in polyethylene glycol stocks
Crystalline bovine liver catalase was purchased from Sigma. PEG 1500 stocks (50 % w/vol) were purchased from Hampton Research and stored in the dark at 4 °C until use; these same stocks were also used for the crystallization of CmlIΔ33. 
Reaction of CmlI with hydrogen peroxide and product analysis
To monitor the reaction between CmlI and hydrogen peroxide in solution, 100 µM enzyme (post mix) was reacted with a 40-fold excess of hydrogen peroxide using a stopped-flow spectrophotometer. These reactions were performed in 0.1 M Bicine buffered at pH 7.8 at 4.5 °C. In order to avoid photoreduction of CmlI from the intense white light during the long experiments, the lamp shutter of the instrument was manually opened immediately before each spectrum was collected and otherwise kept closed between scans. To assay for product in the H 2 O 2 reactions, 100 µM CmlI was incubated with 1 equivalent of NH 2 -CAM and varying concentrations of H 2 O 2 (0.6-40 mM) for 3 h at 23 °C. The reactions were stopped by precipitating the protein with 2.5 % TFA and centrifuging to collect the pellet. The supernatant was assayed for product using HPLC as described above.
Results
Rationale for generation of the N-terminal CmlI truncation variant
Attempts to crystallize the full-length wild-type (WT) CmlI with or without the N-terminal His purification tag were unsuccessful. This was unexpected because AurF, a homolog with 37 % sequence identity with CmlI (based on a full-length sequence alignment), has been crystallized in two different space groups and structurally characterized [36, 37] . The two enzymes are of similar overall length ( Fig. S1 ), but a sequence alignment showed that CmlI contains a stretch of ten amino acids near the N-terminus that are not present in AurF. Analysis of the available crystal structures of AurF shows that the N-terminus is positioned near a protomer packing interface in the unit cell (PDB structures 3CHU and 3CHI) [37] . It was theorized that the additional ten amino acid stretch of residues in CmlI could be interfering with crystal nucleation and growth. To test this possibility, a truncated variant of the enzyme was generated where the first 33 amino acids were removed (CmlIΔ33, start site marked with a black star in Fig. S1 ). This site was chosen based on the observation that in two of the three AurF crystal structures the first 23 amino acids are not visible presumably because of conformational flexibility [37] . Either due to deletion of the differential sequence or the decrease in conformational disorder, CmlIΔ33 could be crystallized and its structure solved.
Biochemical characterization of CmlIΔ33
The reaction of CmlIΔ33 was studied with the native substrate NH 2 -CAM and the results compared to those reported for the full-length enzyme [15] . CmlI is able to generate the long-lived diferric-peroxo species P (t 1/2 ~3 h, 4 °C) at pH 9.0 after exposure of the chemically reduced enzyme to O 2 . P is characterized by a weak optical band centered at 500 nm (ε ~0.5 mM
). This species was also generated in CmlIΔ33 using the same methods and conditions as for full-length enzyme (Fig. 1a , red trace). Titration of P with NH 2 -CAM indicated that roughly 0.35 equivalents of substrate were sufficient to fully consume the species under the conditions employed (Fig. 1b) . A similar 3:1 stoichiometry was observed for full-length CmlI under the same conditions [15] . CmlIΔ33-P was also able to generate the CAM product in high yield upon reaction with NH 2 -CAM as determined using high-performance liquid chromatography and liquid chromatography/mass spectrometry (LC/ MS) (see Fig. 1c ; "Materials and methods"). Substrates have been shown to react with the P in what appears kinetically to be a second order reaction [15] . Accordingly, reaction of pre-formed CmlIΔ33-P with different concentrations of NH 2 -CAM substrate in buffer at 4.5 °C suggested that the truncated variant also reacts directly with substrate, as evidenced by the linearity of the peroxo decay rate constant vs. NH 2 -CAM concentration plot (Fig. 1d) . The zerointercept and linearity of the plot means that the reaction is effectively second order and irreversible. The slope of the fit to the plot gives the apparent bimolecular rate constant for the reaction of CmlIΔ33-P with substrate. The value for CmlIΔ33 was comparable to that obtained for the full-length enzyme, 12 vs. 7.1 mM
The experiments performed here demonstrate that CmlIΔ33 is functionally the same as the full-length enzyme. Thus, the findings derived from a structure of the truncated mutant are likely to be applicable to the natural form of CmlI. The lifetime of P is much shorter at pH 6.8, obviating the detailed analysis possible at pH 9.0. However, addition of NH 2 -CAM and O 2 to diferrous CmlIΔ33 at pH 6.8 rapidly yields CAM in the expected yields.
Crystallization of CmlIΔ33 and its overall structure
Crystals of CmlIΔ33 were obtained in conditions containing 10-20 % PEG 1500, 0.15 M ammonium l-(+)-tartrate and 0-2 % glycerol. The enzyme only crystallized near pH 6.8; attempts to generate crystals at higher pH values 7.5-9.0 were unsuccessful. Data collection and model refinement statistics for the enzyme crystal structures before (PDB ID: 5HYG) and after (PDB ID: 5HYH) chemical reduction are given in Table 1 . The enzyme crystallized in a trigonal P3 2 21 space group with one CmlIΔ33 monomer in the asymmetric unit (Fig. 2a) . Density was missing for the N-terminal purification tag, Fig. 1 Results of the biochemical characterization of CmlIΔ33 at pH 9.0 in 50 mM Bicine buffer. a Optical spectra of 200 μM CmlIΔ33 in the chemically reduced state (green), the diferric peroxo state P (red) and its decay upon titration with of NH 2 -CAM substrate (purple traces). The blue trace is the final spectrum of diferric CmlI after P is fully consumed. Inset optical spectra of resting diferric CmlIΔ33 at pH 9.0 (blue) and pH 6.8 (magenta). b Consumption of the CmlIΔ33 P when titrated with NH 2 -CAM based on the observed intensity at 500 nm. c HPLC analysis of the CmlIΔ33 reaction products. Extracted CmlIΔ33 reaction product from reaction of 200 μM P with 100 μM NH 2 -CAM (black), buffer-only negative control (red), 60 μM NH 2 -CAM substrate standard (green), 60 μM CAM standard (blue). The data for the CmlIΔ33 reaction product and CAM were multiplied by 0.5 in order to fit on the figure. d Stopped-flow transient kinetic analysis of the dependence of P decay on NH 2 -CAM concentration as monitored at 500 nm and 4.5 °C. The red line shows a linear fit to the data a portion of the C-terminal section of the protein and a disordered stretch of residues between K52 and F62 (dashed line in Fig. 2a) . CmlI contains ten α-helices (α1-α10) which are labeled in Fig. 2a . Like many other diiron cluster-containing enzymes, CmlI coordinates the diiron cluster in a 4-helix bundle. His and Glu residues in helices α2, α3, α5, and α6 are ligands for the cluster. A structural search of the CmlI protein using the Dali server (http://ekhidna.biocenter.helsinki.fi/dali_server/) shows that the closest structural hit is Mn-AurF (RMSD 1.5 Å, main chain atoms) [36] followed by Fe-AurF (RMSD 2.1 Å, main chain atoms) [37] . The next closest hits are the R2-subunits of class I ribonucleotide reductases and the α-subunit of the hydroxylase component of soluble methane monooxygenase (9-12 % sequence identity based on a full-length alignment, RMSDs 3.0-3.4 Å) [18, 19] . The biological unit of CmlI is a dimer and its interface lies along one of the crystallographic symmetry axes in the unit cell (Fig. 2b) . The CmlI dimer interface buries an area of 1100 Å 2 on the surface of helices α2 and α3. This results in a 22 Å separation of the two diiron clusters, the same as in AurF.
In the proposed catalytic model for CmlI, the arylamine substrate binds near the diiron cluster for reaction with activated O 2 [15] . The crystal structures of Fe-AurF revealed a clear channel for substrate ingress to the interior of the protein and to the buried cluster [37] . In contrast, in MnAurF this channel is collapsed with no clear open path for substrate to access the active site [36] . A putative substrate channel was also identified in CmlIΔ33 (Fig. S2a) . The entrance is located between helices α2, α5, α7, and α9 ( S2a ). The channel is lined by the following amino acids: F69, M73, P75, Y101, N104, I108, L171, S174, I176, I208, Y211, F273, D277, F278, W281 and L309. Some of these residues also encompass a relatively large cavity that is just inside the entrance to the substrate channel (starred in Fig. S2a ). Above the diiron cluster, this channel contracts to a diameter that is too small to accommodate NH 2 -CAM.
Comparison of the overall structure of CmlIΔ33 to those of Fe-AurF and Mn-AurF
A structural alignment of CmlIΔ33 with Fe-AurF shows that there are differences in the arrangements of some of the α-helices. The most notable of these is a break in the secondary structure of one of the four core helices (equivalent to α5 in CmlIΔ33). In Fe-AurF, there is a stretch of residues numbered 197-201 that are not α-helical and are pushed out away from the substrate channel and the cluster (Fig. 3a, purple cartoon) . In contrast, in CmlIΔ33, this region remains α-helical (Fig. 3a, gray cartoon) . This has the effect of collapsing the channel above the cluster in CmlIΔ33, whereas it remains open in Fe-AurF (Fig. 3b,  c) . In particular, the side-chain of residue I208 (I199 in AurF) occludes the space above the CmlIΔ33 cluster, in contrast to Fe-AurF where this side-chain is pointing away from the channel. Interestingly, the structures of CmlIΔ33 and Mn-AurF are nearly identical in this Outlier (%) 0 0 respect. In both structures, the region shown in Fig. 3a remains α-helical and I208/I199 is pushed toward the channel and blocks access to the active site. A structural alignment of the CmlIΔ33 structure with the Fe-AurF para-nitrobenzoate product complex (PDB ID: 3CHT) is presented in Fig. 3d . The side chain of I208 in CmlIΔ33 occludes the binding site for the product and, likely, substrate. It will be shown in the next section that the position of I208 also has an important effect on one of the diiron cluster ligands.
In an attempt to crystallize an alternate form of CmlI where the channel was open as in Fe-AurF, we tried to co-crystallize CmlIΔ33 with various substrates including NH 2 -CAM. Unfortunately, this did not yield any alternate crystal forms, nor was there any evidence for substrate binding to CmlIΔ33 in crystals prepared under these conditions. Chemical reduction of the cluster had no significant effect on the size of the substrate channel or the orientation of the residues that line the channel. Due to the similarity of the CmlIΔ33 structure to Mn-AurF, the metal content of the preparation was determined. Inductively coupled plasma mass spectrometry (ICP-MS) of the acid-digested enzyme used for the crystallization revealed that that iron was present in roughly stoichiometric ratio (1.9:1) relative to the amount of protein. Iron was also present at nearly 20-fold higher concentration than any of the other metals, making it highly unlikely that these other metals were present in the active site above a trace level. No detectable amount of Mn was present in these samples. It should also be noted that if CmlIΔ33 were loaded with non-cognate metals, it would not be expected to exhibit the reactivity or be able to generate the product at the yield that we observe.
Structure of the CmlIΔ33 diiron cluster prior to chemical reduction
The diiron cluster is coordinated by four Glu and three His ligands (Fig. 4a, b) . All cluster ligands are derived from the core 4-helix bundle: E109 (from helix α2), E144 and H147 (α3), E205 (α5), and H232, E236, and H239 (α6). Both metals are in a six-coordinate distorted octahedral environment with five protein-derived ligands each. Fe1 is coordinated by E109, H232 (N ε mode), H147 (N δ mode) and E144 and E236 (monodentate mode). Fe2 is bound by the two bridging carboxylates E144 and E236 (bidentate mode), H239 (N δ mode) and E205. E144 bridges the irons in a µ-1,3 mode and E236 in a µ-1,3(η 1 :η 2 ). Both irons are bound to a bridging exogenous ligand (see below). In this and the chemically reduced structure, both Fe atoms were modeled at full occupancy based on the atomic B-factors after refinement and the ICP-MS analysis. The Fe-Fe distance in the cluster is 3.3 Å, which is similar to the distance in several other diiron clusters containing enzymes [19, 22, 23, 42, 43] , but it is shorter than in the diferric Fe-AurF homolog (3.45 Å) [37] .
A region of strong residual electron density is observed between the two irons which is significantly larger than can be accounted for by a single water. A bridging cis μ-1,2-peroxo ligand modeled into this density accounts well for the electron density, as shown by the ligand-omit map of Fig. 5 . This peroxo moiety was modeled at an occupancy of 0.7 as this resulted in comparable B-factors with the nearby metals and residue atoms. The refined bond distances for the peroxo are 1.8 Å (Fe1-O1), 2.0 Å (Fe2-O2), and 1.5 Å (O1-O2). The model angles are 126° (∠Fe1-O1-O2), 107° (∠Fe2-O2-O1) and dihedral −38° (∠Fe1-O1-O2-Fe2). These values compare well with other structurally characterized diferric cis µ-1,2-peroxo species in diiron proteins or model compounds (Table 2 ) [44] [45] [46] [47] [48] [49] . Overall, the CmlIΔ33 iron-peroxo bond distances (1.8, 2.0 Å) are more similar to those observed in inorganic model complexes than in other diiron protein crystals, which exhibit longer bonds. In CmlI, the carboxylate functions of E109 and E205 are positioned within bonding distance of both peroxo O atoms (2.6-2.9 Å). The orientation of the CmlI peroxo unit is distinct from that in the toluene 4-monooxygenase hydroxylase (T4moH) cis μ-1,2-peroxo complex (PDB ID: 3I63) [47] (Fig. S3) , likely due to the different arrangement of the terminal carboxylate ligands.
The source of the oxygen for the putative peroxo moiety is unclear. O 2 might bind to the diiron cluster in the crystal if the irons become reduced. However, the enzyme is crystallized and frozen at 100 K before being exposed to X-ray radiation (a possible source of reducing species) and binding of O 2 at cryogenic temperatures is unlikely. We have observed that the enzyme in solution is readily photoreduced by intense white light, so it is possible that long-term aerobic incubation in ambient light conditions during crystallization might allow formation of the peroxo adduct. However, a more likely route leading to formation of observed peroxo complex in crystallo is provided by the components in the crystallization solution. As shown in Fig.  S4 , PEG used for the crystallization contains a low level of H 2 O 2 , presumably generated during its slow decomposition. Exposure of aqueous solutions of PEGs to higher temperatures in the presence of O 2 and light is known to accelerate its decomposition, generating H 2 O 2 [50] . Thus, during crystallization, long-term incubation of the diferric CmlI in solution containing PEG (and residual H 2 O 2 ) might directly produce a peroxo adduct. In order to test this possibility, asisolated diferric CmlI was mixed with varying concentrations of H 2 O 2 in solution. With a single equivalent of H 2 O 2 , no changes were observed in the optical spectrum even after several hours, but exposure to an excess of H 2 O 2 (40 equivalents) yielded changes in the optical spectrum within several minutes. A new species with a broad chromophore with substantial absorbance at 600 nm and above formed over the course of an hour with an isosbestic point observable near 400 nm (Fig. 6a, inset) . The spectrum of this (Fig. 6a, black trace) is distinct from that of the reactive P intermediate (red trace). This new species was found to be quite stable, and no decay was observed even after several hours of incubation at 4.5 °C. However, no CAM product was detected when CmlI was incubated with substrate and H 2 O 2 for extended periods.
No evidence for a μ-oxo ligand is observable in the CmlI crystal structure, whereas the optical characteristics of the as-isolated enzyme in solution at pH 9.0 suggested the presence of such a moiety (Fig. 1a inset, blue trace) [15, 51] . The optical spectrum of the CmlIΔ33 in solution at pH 6.8 exhibits only minor changes throughout the visible range, but retains the intense charge-transfer band near 350 nm that is characteristic of the oxo-bridge (Fig. 1a inset, magenta trace). It is possible that the continued presence of the strong oxo-bridge in solution accounts for the failure of the peroxo adduct formed by addition of H 2 O 2 to the diferric enzyme to convert to P.
In order to investigate the discrepancy between the absence of a μ-oxo-bridge in the diffraction data and the presence of its optical signature in solution, single crystal optical absorbance spectra were collected of CmlIΔ33 crystals. As shown in Fig. 6b , the optical spectra of CmlIΔ33 crystals before and after exposure to X-rays at the synchrotron (magenta and purple traces, respectively) were largely bleached in the visible, consistent with the lack of µ-oxo-bridge. As a control, the spectrum of the enzyme CmlA in a crystal form was also recorded and showed the Fig. 4 intense spectral band of the µ-oxo-bridge, which is known to be present in that diiron enzyme (Fig. 6b, orange trace) . In solution, the oxo-iron charge-transfer bands of diferric CmlI and CmlA are of similar intensity (Fig. 6b, inset) . The spectrum of the CmlIΔ33 in crystalline form is also distinct from that of P because the latter intermediate exhibits absorption similar to that of the diferric CmlIΔ33 in the 350 nm region (Fig. S5 ). In the absence of a crystal containing P, it is difficult to determine whether the crystal of CmlIΔ33 peroxo species also lacks the characteristic chromophore in the 500-550 nm region. Attempts to obtain an optical spectrum of chemically reduced CmlIΔ33 crystals were unsuccessful due to the presence of sodium dithionite in the surrounding mother liquor, which has a significant absorbance in the near-UV region.
The structure of the CmlIΔ33 cluster overlays well with that of Fe-AurF with a few exceptions. The most dramatic differences are the presence of the peroxobridge in CmlI and the rotation of the carboxylate of the CmlIΔ33 E236 to occupy the site where the μ-oxobridge is found in the Fe-AurF structure (Fig. 7a ) [37] . As noted, E236 bridges between the metals in a µ-1,3(η 1 :η 2 ) mode, and the carboxylate function lies in the same plane as the Fe-Fe vector. This same coordination mode of the Glu residue is observed in Mn-AurF crystal structure, which also lacked a μ-oxo-bridge (Fig. 7b) [36] . In Fe-AurF, the equivalent residue to E236 of CmlI is E227, which is instead found in a monodentate mode, coordinated only to Fe2. The difference in orientation of this residue is due to a projection of the side-chain of CmlI residue I208 towards the cluster (Fig. 3a , gray sticks and spheres), which was discussed in a previous section. This positioning of I208 forces the carboxylate and Cγ of E236 into the equatorial coordination plane of the cluster. In AurF, E227 is presumably able to assume the monodentate orientation because the side-chain of the equivalent I199 residue is pointing away from the cluster (Fig. 3a, purple sticks and spheres) . In MMOH and the D84E variant of RNR-R2, steric effects from a second sphere residue are proposed to change the coordination mode of a bridging carboxylate ligand [52] . It is interesting to note that both the CmlI µ-1,2-peroxo complex and AurF with an oxo-bridge have overall neutral charge at the diiron center. This control over buried charge is commonly observed for O 2 activating diiron cluster-containing enzymes, and it is maintained at each stage of their reaction cycles [26, 53] . Accordingly, it is unlikely that the structurally characterized state of diferric AurF would have a high affinity for peroxide, because this would dramatically change the net charge.
Structure of the chemically reduced diiron cluster
Crystals of CmlIΔ33 were chemically reduced under anaerobic conditions using methyl viologen as mediator dye and sodium dithionite as a source of reducing equivalents. No large changes in the crystal unit cell parameters were noted compared to the crystals prior to reduction. The largest change upon reduction is the expected loss of the putative peroxo moiety. Otherwise, only relatively subtle changes were found to occur (Figs. 4c, d, 7c) . Both of the metals are roughly five-coordinate in a nearly square pyramidal geometry. There is an open site on each iron where the peroxo ligand was bound. The coordination mode of all of the protein-derived ligands remains essentially the same, but the overall Fe-ligand bond distances are increased relative to the CmlI cluster described above (Fig. 4a, c) . The position of the I201 side-chain is unaltered, locking the side-chain of E236 into the same plane as in the peroxo-bound state [54, 55] . Reduction and loss of the peroxo ligand cause an increase in the Fe-Fe separation from 3.3 to 3.6 Å. The increase in Fe-Fe separation is accommodated by a mild deformation of the two terminal cluster ligands E109 (Fe1 ligand) and E205 (Fe2). 
Discussion
The structure of CmlIΔ33 reported here in two states presents the opportunity to make comparisons with the homologous arylamine oxygenase AurF as well as other diiron cluster-containing oxygenases that catalyze different types of reactions. In particular, the availability of the structure of a cis μ-1,2-peroxo complex allows comparison to the structures of other diiron peroxo complexes as well as the significantly different proposed structure of the reactive P intermediate of CmlI. The P intermediate is formed by adding O 2 to the diferrous enzyme in solution, and one form of the fully reduced enzyme is now structurally characterized for the first time. It is significant that both the diferrous and cis μ-1,2-peroxo-bound states of CmlI have active sites that are too constricted to accommodate the substrate. A similar restricted active site also has been reported for Mn-AurF, suggesting that this alternative structure may have an unanticipated importance to catalysis. It is possible that the structural changes required to allow substrate binding by CmlI also engender conversion of the cis μ-1,2-peroxo intermediate observed in the crystal to the active P [47, 53, 56] . The basis for this alternative reactivity as well as the greatly increased stability of the reactive P intermediate is currently unknown. These aspects of the reactions of diiron arylamine oxygenases are further evaluated here.
Trapping of the cis µ-1,2-peroxo complex
The ability to trap and structurally characterize the effectively stable cis µ-1,2-peroxo complex in a crystal of CmlI is unexpected because in previous studies of CmlI, a structurally different peroxo species that slowly decays was observed [15] . However, in several recent studies, we have observed that intermediates with limited lifetime in solution are greatly stabilized when the reaction is carried out in crystallo [57] [58] [59] . It is also possible that significant structural rearrangements in the cluster structure are required to convert the observed peroxo species to the reactive P intermediate, and this may not be possible in the crystal lattice as discussed below.
Significance of the single crystal optical spectra
The lack of intense near-UV optical bands in the CmlIΔ33 crystals (Fig. 6b ) is entirely consistent with the observed lack of a μ-oxo-bridge in the crystal structure (Fig. 4a,  b) . Furthermore, the very similar optical spectra of the CmlIΔ33 crystals pre-and post-X-ray exposure also strongly argues against the possibility that photoreduction during X-ray data collection is responsible for the altered diiron cluster structure and channel relative to those in Fe-AurF. It is also inconsistent with the generation of the observed cis μ-1,2-peroxo adduct by reaction of O 2 with the photoreduced diiron cluster under cryogenic conditions. This means that the CmlIΔ33 cluster is already in the observed orientation before X-ray exposure and that the peroxo adduct is generated prior to freezing of the crystals. Since CmlI in solution is clearly able to react with free H 2 O 2 ( Fig. 6a) , the most likely source of the peroxo adduct in the CmlIΔ33 crystals is the residual H 2 O 2 present in the crystallization solution. Several lines of evidence suggest that the peroxo species characterized structurally and in the single crystal optical spectra is not P. First, the spectroscopic properties of P are distinct from the peroxo intermediate described here as well as those of previously characterized cis μ-1,2-peroxo intermediates. In particular, the intense band at ~350 nm of P is missing in the single crystal optical spectra of CmIΔ33 (compare Figs. 6b; S5) . Second, the conversion of the observed cis μ-1,2-peroxo adduct to the μ-η 1 :η 2 peroxo structure proposed for P would require a rearrangement of the E236 cluster ligand to the monodentate mode observed in Fe-AurF. This is unlikely to occur in crystals of the enzyme as the transition requires a rearrangement of the protein backbone near the active site which, based on the protomer interactions in the unit cell, would destabilize the crystal lattice.
Significance of the collapsed substrate channel to the CmlI catalytic cycle
The absence of the µ-oxo-bridge in the crystal structure of CmlIΔ33 likely to be of little mechanistic consequence in-and-of itself, as this moiety will probably be lost upon reduction of the cluster in solution. Unfortunately, no structure has been reported of diferrous Fe-AurF, which would allow evaluation of the continued presence of the bridge (or a protonated form) in that enzyme. The more mechanistically significant differences between the structures of CmlIΔ33 and Fe-AurF are the position of CmlI E236 versus AurF E227 and the constricted substrate-binding pocket of CmlIΔ33. As described above, these differences are related to each other by the effects of the E236/E227 residue on the stability of a critical helical region near the cluster. The shift from helix to coil in this region determines whether substrate can bind effectively. This large structural change opens the question of whether the closed active site structure has a role in the catalytic cycle. The finding of the nearly identical closed structure in the Mn-AurF supports the possibility that the closed structure is a real alternative form of the amine oxygenase that has a role in regulation of catalysis. It is clearly possible to react the reduced forms of CmlI, CmlIΔ33, and Fe-AurF with O 2 to form the peroxo-intermediates in the absence of substrate. However, to date, there is no experimental evidence for the formation of a substrate complex prior to O 2 binding. Indeed, the kinetics of substrate reaction with the peroxo-intermediates are apparently second order to the limit of substrate solubility, consistent with a reaction that occurs effectively by collision of the substrate with the pre-formed peroxo-species [15] . One possibly is that the observed structures for CmlIΔ33 (and Mn-AurF) and Fe-AurF represent extremes of the conformational range. O 2 binding to the reduced states followed by reorganization to the μ-η 1 :η 2 peroxo intermediate P locks CmlI E236 or AurF E227 in a rotated orientation bound only to Fe2 that, in turn, opens the channel to allow substrate to bind and the reaction to proceed. This scenario, explored further in the context of MMOH below, would represent a novel strategy to achieve the common goal of diiron oxygenases to coordinate formation of the reactive species with its exposure to substrate [43, [60] [61] [62] [63] .
Dynamic cluster ligands potentially related to activity
In MMOH, the terminal Fe2 ligand E209 has been implicated in gating O 2 binding to the diferrous cluster in response to the binding of the regulatory protein MMOB [61] . Computations based on VTVH MCD measurements indicate that this residue shifts several degrees relative to the Fe-Fe vector as MMOB binds to the MMOH surface to open access to the available iron ligands sites from bulk solvent during formation of the cis μ-1,2-peroxo intermediate. The equivalent residue E205 in diferrous CmlIΔ33 is approximately in the putative shifted position of the MMOH E209 (Fig. 8, starred) . This may, in part, explain why diferrous CmlIΔ33 readily binds O 2 to ultimately form intermediate P while the reaction rate constant of diferrous MMOH with O 2 is decreased 1000-fold in the absence of MMOB [64] .
Another dynamic residue found in several diiron clustercontaining enzymes is the iron ligand equivalent to CmlI E236. As described above, this residue forms a μ-1,3(η 1 :η 2 ) carboxylate bridge in CmlIΔ33. In diferric RNR-R2 and MMOH, the equivalent residue is a terminal monodentate Fe2 ligand very similar to that seen in Fe-AurF. In these other oxygen activating enzymes, the carboxylate bridge of CmlIΔ33 E236 is replaced by either a μ-oxo or μ-hydroxobridge. Reduction of the RNR-R2 cluster results in loss of the μ-oxo-bridge and a shift in the monodentate Fe2 Glu ligand to a bridging μ-1,3 mode [65] . In MMOH upon cluster reduction, the Glu residue in this position (E243) undergoes a significant shift to μ-1,3(η 1 :η 2 ) bridging mode that is superimposable with that of E236 in CmlIΔ33 [54] ( Fig. 8) . MMOH E243 has a major regulatory role in the catalytic cycle of the enzyme in that it is part of the process that converts the stable, coordinately saturated ferric diiron cluster [18, 66] 
Parallels in the interconversion of oxy-intermediates in CmlI and MMOH
Although CmlIΔ33 and MMOH/MMOB can both form cis μ-1,2-peroxo species, the fates of these species in the catalytic cycle and the reactions catalyzed by the enzymes are quite different. In CmlI the cis μ-1,2-peroxo species would be a logical precursor to intermediate P currently assigned as a μ-η 1 :η 2 peroxo species [15] . If P does, in fact, evolve from the cis μ-1,2-peroxo complex, at least one peroxo-oxygen must reorient significantly and a second ligand site on one of the irons for peroxo-oxygen binding must become available. In doing so, the most likely new ligand site to occupy is that of the μ-oxo moiety (seen in solution, open conformation) or E236 (seen in the crystal, closed conformation). Recently, we have studied the structure of the reactive intermediate of the MMOH reaction cycle, compound Q [67] . Continuous flow resonance Raman spectra show that Q has a diamond core structure with two µ-oxo-bridges where both oxygens were derived from the same O 2 molecule. One way to form Q with this structure from the cis μ-1,2-peroxo precursor is to effect a cis-to-trans μ-peroxo reorganization prior to O-O bond cleavage. The resulting intermediate would be structurally reminiscent of the μ-η 1 :η 2 species proposed for CmlI-P (Scheme 2). Indeed, evaluation of the potential ligand sites suggests that the MMOH μ-1,3(η 1 :η 2 ) bridging E243 would be displaced in the reorganization. This residue is the equivalent to μ-1,3(η 1 :η 2 ) bridging E236 carboxylate that we propose must be displaced in CmlI in order to convert the observed cis μ-1,2 peroxo to CmlI-P. The formation reaction of Q is pH dependent and exhibits a linear proton inventory plot, suggesting that a proton from a cluster ligand or an immediately adjacent residue plays a key role in breaking the O-O bond [53, 56, 67, 68] . One difference between the diiron cluster structures of MMOH and CmlI is the replacement of Fe1 water in the former by a H232 in the latter (Fig. 8) . If this water is the ultimate source of the proton involved in Q formation, the inability of a ligand His to provide an equivalent proton may account for the stability of the P intermediate of CmlI. It is noteworthy, that this scenario would place the reactive oxygen of Q and the peroxo-oxygen facing the substrate-binding pocket 
Conclusions
The overall structure of CmlIΔ33 is similar to that reported for Fe-AurF. However, the detailed structure of the active site diiron cluster has distinct differences. These differences recapitulate the structural differences reported for Fe-AurF and inactive Mn-AurF. In contrast to Mn-AurF, CmlIΔ33 is fully active. These finding suggests that the observed CmlIΔ33 structure is relevant to the functional enzyme, despite the lack of the µ-oxo-bridge detected optically in solution. The lack of large structural changes between reduced CmlIΔ33 and the cis μ-1,2-peroxo complex suggests that, in the normal order of catalysis, the peroxo complex could form by O 2 binding to the closed form of the enzyme. However, it is evident that the most dynamic residue, E236, must shift at some point to open the active site for substrate binding. The trigger for this shift may be a progression in the O 2 binding process to yield intermediate P. This complex process may be part of a mechanism to limit adventitious chemistry of the activated O 2 species, a common feature of most oxygenase reaction cycles.
